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Coal Hydrogenation i n  Small Tube Reactors 

R. E .  Wood and G. R. Hill 

Department of  Mining, Metallurgy and Fuels Engineering 
University of Utah 

S a l t  Lake City, Utah 

The of f ice  of Coal Research shor t  residence time coal hydrogenation react r a t  
the University of Utah has been previously di  cussed i n  Hydrocarbon Processing P and 3 The Quarterly of t h e  Colorado School of Mines . 

A schematic diaqram of t h i s  device i s  shown i n  F i g u r e  1 .  I t  contains provis- 
i o n  f o r  passing dry powdered coal through a heated and pressurized reaction zone. 
The reactor  i s  mounted ver t ica l ly  and the coal i s  pushed by means o f  an auger feeder 
i n t o  the t o p  and the reaction products are collected in a water cooled quench tank 
a t  the bottom. This reactor  can be pressurized t o  50rlfl PSI and heated t o  800°C. 

Although conversions t o  75 o r  89 percent o f  the coal matter can be realized i n  
th i s  apoaratus, i t  suffers  from some ra ther  cr ippl ing deficiencies.  Of greatest  
importance i n  limiting the usefulness of the  device i s  the fac t  tha t  coal,  i n  fa l -  
l ing through the reaction zone becomes p l a s t i c  and  st icky. Some of the l iquid-solid 
product s t i c k s  t o  the reactor  wal l s ,  becomes devol i t i l ized and the residue remains 
as a s o l i d  char that  builds up t o  eventually block the passage. 
t h a t  the l imited capacity of the compressor (240 cubic f e e t  per hour maximum) 
severely r e s t r i c t s  the movement of gas through the reaction zone. 
stagnant reactor  space contributes t o  the coal and char s t icking oroblern as there 
i s  l i t t l e  flow of gas t o  force the s o l i d  material t h r o u q h  t o  the quench vessel. 

tha t  a flow of 200 cubic f e e t  perhour w i l l  not provide turbulent flow i n  tubes 
larger  than 3/16 i n c h  I.D. Therefore, we res t r ic ted  the reactor tube s i z e  t o  1/8 
inch and proceeded to  work w i t h  hydrogen-coal s l u r r i e s  i n  t h i s  type of reactor.  

The auger feeder used w i t h  the 2 inch I.D. reactor i s  not adaptable t o  the 
1/8 inch tube because i t  del ivers  coal in slugs rather than a t  a steady rate .  The 
small tube i s  blocked by each s lug of coal delivered by the auger. For t h i s  reason 
a f luidized feeder,  where hydrogen gas passing through a coal bed carr ies  the coal 
i n t o  the small tube reactor  was developed. The design of this feeder,  w i t h  the 
small tube reactor i s  indicated i n  Figure 3. This schematic shows the 1/8 inch tube 
mounted inside the 2 inch tube o f  the  or iginal  reactor. T h i s  construction adds 
a fur ther  fac tor  i n  t h a t  heat t o  ra i se  the coal t o  reaction temperature must be added 
from outside the 2 inch reactor.  Convection and radiation from the inner wall of 
the la rger  reactor i s  insuf f ic ien t  t o  heat the small tube enough t o  permit i t  i n  
t u r n  t o  properly heat the  coal-hydrogen stream passinq through i t .  Therefore, a 
chamber was constructed around the inner  tube such t h a t  a molten lead bath could be 
used t o  transmit heat from the walls of the outer  tube t o  the inner reactor.  

A second fac tor  i s  

T h i s  essent ia l ly  

Calculations o f  Reynolds numbers f o r  hydrogen a t  2QOO PSI and 700°C reveals 

Figure 4 shows the product d i s t r ibu t ion ,  i n  terms of gases and l iquids ,  produced 
as a function of temperature and pressure f o r  one of the more reactive coal types. 
This i s  Orangeville, Utah, coal,  a high-volati le bituminous "B" coal from East 
Central Utah. 
t i t i e s  of ethane, propane and higher carbon number hydrocarbon gases: and l iquids ,  
a very complicated m i x t u r e  o f  a l i p h a t i c  and aromatic materials is  shown a t  four 
terrperatures and three pressures.  
both gases and l iquids,  b u t  the liquids are increased t o  a greater  extent.  
pressure likewise increases the production of l iquids.  
duction i s  decreased t o  some extent .  

The production of gases, primarily Methane b u t  w i t h  substant ia l  quan- 

Increasing temperature increases the o u t p u t  of 
Increased 

The t o t a l  conversion, equal t o  the sum of gases 
Above 2000 PSI the gas pro- 
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plus liquids i s  over 60 percent of the original coal material a t  675°C and 2000 PSI. 

small tube reactor. 
months , the reaction conditions were n o t  completely uniform. 

and 2000 PSI. 
i o n  i n  an e f f o r t  t o  spread the data t o  show coal differences.  We have l i s t e d  the 
coal,  to ta l  conversion, feed rate, oxygen content and some observations about the 
coal. 
contains those coals t h a t  are easy t o  feed and give l i t t l e  o r  no reactor  plugging 
b u t  which also give very l i t t l e  reaction. These are coals w.ith high oxygen content 
and are generally o f  the l ign i te  and subbituminous types. The second group of coals 
have an intermediate reaction, are  not real ly  d i f f i c u l t  t o  feed, give SOW plugging 
and have an in t e rmdia t e  oxygen content. The t h i r d  category of coals i s  generally 
the high vola t i le  , non-caking bituminous coals tha t  show good reaction without 
excessive plugging. 
because they are s t icky and agglomerate readi ly ,  par t icular ly  when the ca ta lys t  i s  
present. This t h i r d  group of coals is  the  most interest ing because they react 
most readily. The conversions reported on these coals were obtained w i t h  half the 
catalyst  application used w i t h  the other types. The lack of conversion numbers on 
some of these coals was because the higher level of ca ta lys t  was used and both 
feeding and plugging problems were encountered. 

Table I i s  a compilation of data obtained on several d i f fe ren t  coals in this 
Since these samples were measured over a period of several 

The conditions were selected a t  less than a maximum conversion operat- 

Most were obtained 
I a t  1750 PSI hydrogen pressure and 650°C temperature, but some were measured a t  675OC 

The coals are  naturally broken in to  three categories. The f i r s t  category 

\ 

Feeding w i t h  OW hopper arrangement i s  d i f f i c u l t  w i t h  these coals 

Table I .  Comparison of Coals Treated i n  

Sidney , Montana 
(Lignite) 
B i g  Horn, Wyoming 
Navajo, Utah 
Beluga River, Canada 
Kanab, Utah 
Alton, Utah 

River King, I l l i n o i s  
Last Chance, Utah 
Kai parowi t z  , Utah 
Coalvil le,  Utah 

Geneva-Somerset , 
Utah-Colo. 
Spencer, Utah 
Castle Valley, Utah 
Orangevi l l e ,  Utah 
H i  awatha, Utah 
Cedar City, Utah 
Castle Gate, Utah 
Coal Basin , Colorado 
Bear, Colorado 

1 

\ Powers, Utah 

Conversion Feed Rate g/m 

11.1 19 
10.3 13 
17.5 14 
17.9 10 
6.8 11 
7.6 18 

30.6 8 
37.2 14 
45.0 -- 
38.8 -- 
37.2 9 

1/8 inch I.D. reaction tube 

21 .o 
11.2 

28.3 
13.6 
24.9 

8.9 
18.6 
18.0 
10.3 

---- 

---- 

6.4 
12.3 
5.7 ---- 

---- 
7.5 
5.5 
3.0 
8.5 

Coal Characterist ic 
Feeding Reacting Plugging 

GOOD 
II 

II 

II 

II 

II 

FA1 R 
II 

I t  

II 

II 

POOR 
I 1  

I 1  

II 

II 

II 

II 

II 

II 

POOR 
II 

II 

II 

II 

II 

FA1 R 
I 1  

I, 

I1  

II 

GOOD 
I 1  

II 

II 

. I1  

II 

II 

II 

II 

N O N E  
II 

II 

II 

II 

II 

SOME 
II 

I 1  

II 

II 

SOME II 

II 

II 

II 

I1  

II 

I1  

I I  
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Figure 5 shows the e f f ec t  o f  changing catalyst  concentration on two types of 

coal. 
weight of zinc metal t o  MAF coal. For Oran!FVlaae, f l taR,  coal , a good reacting 
material , the doubling o f  ca ta lys t  concentration accomplished l i t t l e  or  nothing. 
For the Kaiparowitz coal , an intermediate reactor by our other standards , more 
catalyst  gives a marked increase i n  conversion. 

f luidized feeder. 
par t ic le  s ize  and surface character of the coal par t ic les .  
t o  show the e f f ec t  of both feed ra te  and par t ic le  s ize  on the conversion i n  th i s  
process. The length of the horizontal  l ines  indicate the mesh s ize  range o f  the 
par t ic les  sample. 
per minute. Two coals were studied. 
Gate, Utah, which i s  one of t h e  b e t t e r  reacting type coals. 

presumably because of less  e f f i c i e n t  heating o f  l a rger  quant i t ies  o f  coal t o  the 
required reaction condition. 
in a decreased reaction. This i s  n o t  t o  be expected because smaller coal par t ic les  
should be heated more e f f i c i en t ly .  
the actual residence time of the coal within the heated zone. Because of the small 
s i ze  of the reactor, i t  has not been possible t o  i n se r t  probes, o r  even them& 
couples t o  measure residence times. However, we have been able t o  observe pressure 
buildup and decay as a small amount of coal i s  injected. We calculate t ha t  the  
gas i s  flowing a t  a ra te  where i t s  residence i n  the hot zone i s  in the range of 
0.01 t o  0.03 seconds. However, the coal i s  t ravel ing much less rapidly. Actually, 
i t  approaches a plug-flow condition. The pregsure difference between t o p  and bot- 
tom of the reactor  tube increases as coal i s  injected and decays within 5-10 seconds. 
The coal residence then is  somewhere i n  the range 1 t o  10 seconds. This i s  somewhat 
dependent on par t ic le  s i ze .  The smaller par t ic les  tend t o  be carried w i t h  the gas 
and go through i n  less t h a n  0.1 second. This i s  n o t  long enough t o  heat even the 
f ines t  par t ic les  enough to cause reaction. This, then i s  the reason fo r  decreased. 
reaction w i t h  a smaller par t ic le  s i z e  sample as indicated by the da ta  of Figure 7. 

I t ' s  action in  the 
coal hydrogenation reaction i s  n o t  understood although as a Lewis acid i t  i s  expected 
to  ac t  as a cracking catalyst  fo r  large organic molecules and the hydrogen reacts 
w i t h  the molecular fragments produced. Some studies have been made in  an e f f o r t  
to  discover the catalyt ical ly  active form of the zinc and t o  devise schemes for  
recovering the z inc  from the char for use on fresh coal. The economic success of 
the process wil l  certainly depend on the almost complete recovery of th i s  material. 

Several kinds of inorganic materials have been tes ted as catalysts  fo r  t h i s  
coal process. Table 2 shows the coal conversion obtained w i t h  each of these mater- 
i a l s  using the same coal and reaction conditions. Zinc halides and stannous 
chloride are the most e f fec t ive  of those tes ted.  The zinc chloride is by f a r  the 
cheaper material and therefore is the best select ion.  

The catalyst  was zinc chloride and the l i c  t i  n was measured in terms of 

The coal feed rate  i s  a process variable tha t  i s  d i f f i c u l t  t o  control w i t h  a 
I t  i s  affected by moisture content, concentration of ca ta lys t ,  

Figure 6 i s  an attempt 

The number by the l ine indicates the feed ra te  in grams of coal 
Kaiparowitz as shown i n  Figuw 5 and Castle 

I n  general, we see tha t  an increase in  feed rate  resul ts  i n  decreased reaction, 

We see also t h a t  a decrease in  par t ic le  s i ze  resul ts  

The reason f o r  th i s  decreased reaction l i e s  in 

The ca ta lys t  used i n  t h i s  work has been primarily ZnC12. 

Table 2. Comparison of Inorganic Sa l t  Catalysts 
Sa l t  

ZnB r2- 
'Zn I 
~ n c ? 2  
SnC12.2H20 
SnCl4'5H20 
Li I 
Cr 13 

NH4C1 
PbfC2H302)2 

CdC12.2 I / 2  

Percent Conversion 

41.1 
40.5 
25.6 
16.6 
12.8 
11.7 

%: ; 

$4 

Sal t  
Sn@i?der) 

FeC 1 3. 6H20 
Zn ( pow de r 
ZnSOq. 7H20 
(NH4)6Mo702 
FeC 1 2 
CaCl . H  0 
N9 d3.%20 

C~Cl2.2H20 

Percent Conversion 
/ . Y  
7.6 
7.2 
7.0 
5.4 

4H20 5.4 
3.3 

No Reaction 
No Reaction 
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Conditions 
Last Chance, Utah, Coal 40-100 mesh Feed Rate 10-12 g/m 
Pressure 1750 PSI Reactor, 1/8" I.D. Tube 

Catalyst Concentration, 0.06 Weight Metal/Weight Coal (MAF) 

J u s t  which form of zinc i s  ca ta ly t ica l ly  act ive i s  not known. We do know t h a t  
the chloride reacts w i t h  aldehydes , ketones and e ther  oxygen configurations t o  form 
complexes. 
i s  n o t  recovered by water extract ion.  
the zinc can be extracted by water alone. 

The residual z inc chloride is  water soluble b u t  zinc metal, basic zinc chloride and 

zinc chloride is  formed by reaction w i t h  water a t  elevated temperatures. We have 
found the zinc metal  in  char samples and have f o u n d  z inc oxide i n  samples subjected 
t o  microwave ashing to  remove the carbonaceous material .  
presence of z inc su l f ide ,  b u t  feel  tha t  i t  may be the form of zinc l e a s t  soluble 
i n  hydrochloric acid and therefore a suspect as t o  the form i n  which the zinc i s  
most d i f f i c u l t l y  recoverable. 

Table 111. Compounds of Zinc i n  Char 

I Temperature 650°C 3 F t .  Heated Section 

We find tha t  when zinc chloride i s  impregnated onto coal surfaces,  a l l  
After the coal has been heated even less of 

Table 3 shows the forms of zinc tha t  we 
I have ident i f ied  in the char product where almost a l l  the zinc i s  found a f t e r  reaction. 

zinc oxide are insoluble i n  water and require an acid f o r  solution. I The basic 

We have n o t  verified the 

Coal Char 
Z n T  
Zn 
ZnCl  2 -  4Zn( OH)** , 

ZnO** 
ZnS (not ver i f ied)  

ZnCl 

So 1 ;t$l i ty  

HC 1 
HC1 
H C 1  

Slowly soluble 
i n  HC1 

* Found in  H20 insoluble portion of heated H20 solution of ZnC12 
** Found in ash from low temperature ashing of char t o  remove organic matter 

and carbon. 

Figure 7 shows the recovery from reacted char,  u s i n g  hydrochloric and s u l f u r i c  
acids,  10 percent i n  each case. 
same sample was extracted w i t h  equal portions of fresh hot acid.  
zinc,  as measured by the intensi ty  of the zinc K alpha x-ray fluorescence l i n e ,  is 
readily extracted b u t  the remainder is only slowly extracted.  
long and involved procedure t o  recover a l l  the zinc by acid extract ion alone. 

Because of the f a c t  tha t  zinc su l f ide  i s  a potent ia l  form of the zinc a f t e r  
the reaction we have considered some methods f o r  dissolving this product. Table 
4 shows some solution reactions together with the so lubi l i ty  products involved. 
Dissolving ZnS i n  HC1 i s  possible by vir tue of the formation of s l i g h t l y  ionized 
H2S and the y o l i t i l i z a t i o n  of H2S from the solut ion.  
of Pb", Cu+ or Hg++ ions i s  possible because these metal ions form sulf ides  even 
less soluble than ZnS. Mercury su l f ide  par t icu lar ly  i s  very insoluble.  

ZnS(so1id) -t HC1 

The lower designation i s  the number of times the 
About half the 

I t  could be a rather 

Dissolving ZnS i n  solutions 

Table IV. Some Reactions f o r  Dissolving ZNS. 
ZnS Ksp = 1.2 x 10-23 (18°C) 

CuS 

Zntt t 2C1- + H S 
Zn++ t PbS(soli8) PbS Ksp = 3.4 x 10-28 (18°C) 

In t+  t HgS s o l i d  HgS KsP = 4.0 x 10-53 
In++ + CuStsolidI Ksp = 8.5 x 10-45 
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Figure 8 shows the extraction o f  zinc from reacted coal char, f i r s t  w i t h  h o t  

For 

This approach i s  n o t  

water, then with hot cpcentratqg hydrochloric acid and  then with hot d i lu te  
solutions of Pb++, Cu+ , and Hg 
removing zinc from the char i s  d i rec t ly  related t o  the amount of conversion. 
high conversion less  z i n c  i s  dissolved by the solvent. Longer exposure t o  the Hg++ 
i o n  would probably resul t  i n  essent ia l ly  conplete recovery. 
pract ical  fo r  actual recovery of z inc ,  b u t  i t  does i l l u s t r a t e  that the zinc i s  present 
in the char i n  a very insoluble form, probably as the sulf ide and tha t  some extreme 
method wi l l  be required to  recover the ca ta lys t .  Tests have indicated t h a t  char can 
be recycled with fresh coal and ca ta lys t  w i t h o u t  loss of ca ta ly t ic  character. These 
t e s t s  have fur ther  indicated t h a t  recycled char by i t s e l f  can be fur ther  hydrogenated. 
The resul t ing product i s  higher in gas and lower i n  liquids than the f i r s t  cycle 
b u t  the percent conversion i s  near t o  t h a t  i n  the f i r s t  case. These t e s t s  need 
fur ther  study and ver i f icat ion because the d i f f icu l ty  of feeding char alone makes 
these t e s t s  less re l iable  t h a n  when coal alone i s  fed. 

ions. We notice f i r s t  t h a t  the d i f f icu l ty  o f  
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Conditions 
Last Chance, Utah, Coal 40-100 mesh Feed Rate 10-12 g/m 
Pressure 1750 PSI Reactor, 1/8" I.D. Tube 
Temperature 650°C 3 F t .  Heated Section 
Catalyst Concentration, 0.06 Weight Metal/Weight Coal (MAF) 

J u s t  which form of zinc i s  ca ta ly t ica l ly  act ive i s  not known. We do know t h a t  
the chloride reacts w i t h  aldehydes , ketones and ether oxygen configurations t o  form 
complexes. 
i s  not recovered by water extraction. 
the zinc can be extracted by water alone. 
have ident i f ied i n  the char product where almost a l l  the zinc i s  found a f t e r  reaction. 
The residual zinc chloride is  water soluble b u t  zinc metal, basic  zinc chloride and 
zinc oxide are insoluble i n  water and r e q u i r e  an acid f o r  solut ion.  
zinc chloride i s  formed by reaction w i t h  water a t  elevated temperatures. 
found the zinc metal i n  char samples and have found zinc oxide i n  samples subjected 
t o  microwave ashing t o  remove the carbonaceous material .  

i n  hydrochloric acid and therefore a suspect as t o  the form i n  which the zinc i s  
most d i f f i c u l t l y  recoverable. 

We f ind t h a t  when zinc chloride i s  impregnated onto coal surfaces,  a l l  
After the coal has been heated even less of 

Table 3 shows the forms of zinc t h a t  we 

The basic 
We have 

We have no t  ver i f ied the 
I presence of zinc su l f ide ,  b u t  feel  t h a t  i t  may be the form of z inc leas t  soluble 

Table 111. Compounds of Zinc i n  Char 
Char 

Z n T  
Zn 

Solubi l i ty  

HC 1 
H2° 

ZnC12 ZnCl 2. 4Zn( O H ) 2 *  , HC1 
ZnO** HC1 
ZnS ( n o t  ver i f ied)  Slowly soluble 

i n  HC1 
* Found in H20 insoluble portion of heated H20 solution of ZnC12 

** Found in ash from low temperature a s h i n g  of char t o  remove organic matter 
and carbon. 

Figure 7 shows the recovery from reacted char, u s i n g  hydrochloric and s u l f u r i c  
acids ,  10 percent i n  each case. 
same sample was extracted w i t h  equal portions o f  fresh hot acid.  
z inc,  as measured by the  intensi ty  of the zinc K alpha x-ray fluorescence line, i s  
readily extracted but the remainder is  only slowly extracted.  
long and involved procedure t o  recover a l l  the  zinc by acid extract ion alone. 

Because of the f a c t  that  zinc su l f ide  i s  a potent ia l  form of the  zinc a f t e r  
the reaction we have considered some methods f o r  dissolving t h i s  product. Table 
4 shows some solution reactions together w i t h  the so lubi l i ty  products involved. 
Dissolving ZnS i n  HC1 i s  possible by vir tue o f  the formation of s l i g h t l y  ionized 
H2S and the y o l i t i l i z a t i o n  of HzS from the solution. 
of Pb", Cu+ or  Hg++ ions i s  possible because these metal ions form sulf ides  even 
less  soluble than ZnS. Mercury su l f ide  par t icu lar ly  i s  very insoluble.  

ZnS(so1id) + HC1 ZnS Ksp = 1.2 x 10-23 (18°C) 
ZnS(so1id) + Pb++ Zn++ + PbS(soli?!) PbS Ksp = 3.4 x 10-28 (18°C) 

CUS ZnS s o l i d )  + Cu++ 

The lower designation i s  the number of times the 
About  h a l f  the 

I t  could be a rather 

Dissolving ZnS i n  solutions 

Table IV. Some Reactions f o r  Dissolving ZNS. 
Zn++ + 2C1- + H S 

Zn++ t CuSIsolidj Ksp = 8.5 x 10-45 
ZnS s o l i d )  + Hg++ Zn++ + HgS so l id  HgS KsP = 4.0 x 10-53 I 
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Figure 8 shows the extraction of zinc from reacted coal char, f i r s t  with hot 

For 

T h i s  approach i s  not 

water, then w i t h  h o t  cpcent ra tqg  hydrochloric acid and then w i t h  hot dllute 
solutions of Pb++, Cu+ , and Hg 
removing zinc from the char i s  d i rec t ly  re la ted t o  the amount of conversion. 
h i g h  conversion less  zinc i s  dissolved by the solvent. Longer exposure t o  the Hg++ 
ion would probably resu l t  i n  e s s e n t i a l l y  complete recovery. 
pract ical  for actual recovery of  z inc ,  but i t  does i l l u s t r a t e  thatthe zinc i s  present 
i n  the char i n  a very insoluble form, probably as the sulf ide and tha t  some extreme 
method wil l  be required to  recover the ca ta lys t .  Tests have indicated t h a t  char can 
be recycled w i t h  fresh coal and c a t a l y s t  without loss of c a t a l y t i c  character.  These 
t e s t s  have fur ther  indicated t h a t  recycled char by i t s e l f  can be fur ther  hydrogenated. 
The resul t ing product i s  higher i n  gas and lower i n  l i q u i d s  than the f i r s t  cycle 
b u t  the percent conversion i s  near t o  t h a t  i n  the f i r s t  case. These t e s t s  need 
fur ther  study and ver i f icat ion because the d i f f icu l ty  of feeding char alone makes 
these t e s t s  less  re l iable  t h a n  when coal alone i s  fed.  
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